Abstract-In this paper, we would like to propose a new microring resonator structure based on 6x6 Generalized Mach Zehnder interferometer (GMZI) using silicon waveguides. It is showed that this new kind of the devices works as three separated microring resonators. This characteristic of the device leads to a variety of tasks important to optical communications, including switching, filtering, add-drop multiplexing, sensing and modulation. In our study, silicon waveguides are used for designing the proposed devices. The transfer matrix method (TMM) and the three dimensional beam propagation methods (3D-BPM) are used to optimally design the device.
I. Introduction
Microring resonators (MRRs) have been used as basic building blocks for optical signal processing applications such as optical switches, filters, modulators, and adddrop multiplexers [1] . Almost all of the reported works on microring resonator structures have used directional couplers as coupling elements [2] . In order to meet a variety of requirements for high-speed signal processing, the coupling coefficient needs to be adjusted arbitrarily. In general, the gap of a directional coupler can be adjusted to meet this requirement. However, for applications requiring high quality factor Q of the resonators, i.e., for high speed operation, the separations between two waveguides in the directional coupler must be very small. As a result, high loss due to conversion loss of modes is occurred [3] . In addition, the directional coupler has a large size and small fabrication tolerance. Therefore, multimode interference (MMI) couplers can be used in microring resonator structures instead of directional couplers. Use of multimode interference couplers is very attractive to the design of high speed and integrated light wave circuits due to their advantages of compactness, ease of fabrication, large fabrication tolerance and ease of cascaded integration [4] .
In the literature, microring resonators based on a 2x2 and 3x3 MMI coupler was reported [2, 5, 6 ]; however, not much work on microring resonators based on higher order multimode interference couplers (NxN MMI couplers) using silicon waveguides have been reported. In addition, silicon on insulator (SOI) technology is considered to be a very proposing platform that has the potential to produce low lost, high index contrast, and compact devices.
Therefore, the aim of this paper is to propose a novel microring resonator structure based on 6x6 MMI couplers for the first time. The most interesting characteristic of the proposed device is that the device acts as three separate microring resonators based on 2x2 MMI couplers. The control of critical coupling of these three microring resonators can be achieved by using three separate phase shifters. The proposed device can be used for optical switching, filtering, add-drop multiplexing and sensing applications. As an example, a realization of a three-channel add drop multiplexers is presented. In addition, by choosing the lengths of the microring waveguides, a triplexer used for the fiber to the home (FTTH) networks can be achieved. The transfer matrix method (TMM) and the three dimensional beam propagation method (3D-BPM) are used to optimally design the proposed device.
The paper is organized as follows: A description of the general theory behind the use of multimode structures to achieve new structures of microring resonators is presented in Section II. Optimal design of MMI based microring resonator structures and
II. General Theory
A Mach-Zehnder microring resonator based on 6x6 MMI couplers (MZI-MMI) is shown in Fig. 1  are used in the three arms. Alternatively, passive phase shifters could be used to provide a desired power splitting ratio.
In order to analyze the device, the transfer matrix of the identical MMI couplers needs to be derived first and then the total transfer matrix of the device can be determined. The operation of optical MMI coupler is based on the self-imaging principle [8] . Self-imaging is a property of a multimode waveguide by which as an input field is reproduced in single or multiple images at periodic intervals along the propagation direction of the waveguide. The central structure of the MMI filter is formed by a waveguide designed to support a large number of modes. In the MMI section, the 2-D scalar Helmholtz wave equation is defined as 
This matrix can be considered as consisting of three separate sub-matrices which describe four 2x2 3dB MMI couplers, both having the transfer matrix [9]  are the phase differences between two arms of the MZI, respectively.
Using the method similar to that presented in [1] , the normalized optical intensity transmitted through the proposed device are then calculated by n , n , n are the effective indices of the optical mode in the ring waveguides; 1 2 3 L , L , L are the ring circumferences (or the lengths of the microring waveguides), and  is the optical wavelength.
Therefore, the whole device can be viewed as consisting of three independent microring resonators having different coupling coefficients as shown in Fig.  2 . This means that three independent switches and filters can be made by using this structure. One important and interesting characteristic of this structure applied is that the control of critical coupling for three microring resonators can be achieved separately. Another configuration of practical interest is presented in Fig. 3 , where the second MZI microring resonator structure is also coupled to the first structure. The coupling ratios can be adjusted by the phase shifters ( i1 i2 i3 E , E , E ), through ports ( t1 t2 t3 E , E , E ), drop ports ( d1 d2 d3 E , E , E ) and add ports ( a1 a2 a3 E , E , E ) of optical add-drop multiplexers.
Fig. 3. Three separate add-drop multiplexers based on micro resonators using 6x6 MMI-MZI structures
The transmission powers at the output waveguides of the through ports of the add-drop multiplexers are given by 
The transmission powers at the output waveguides of the drop ports of the add-drop multiplexers are given by 
III. Simulation Results And Discussion
In this section, in order to verify the working principle of the devices and optimize the designs of MMI based devices, the three dimensional beam propagation method (3D-BPM) [10] is used in our study. It is well known that the finite difference time-domain (FDTD) method is a general method to solve Maxwell's partial differential equations numerically in the time domain. Simulation results for devices on silicon waveguides using the 3D-FDTD method can achieve a very high accuracy. However, due to the limitation of computer resources and memory requirements, it is difficult to apply the 3D-FDTD method to the modeling of large devices on the silicon waveguide. Meanwhile, the 3D-BPM was shown to be a quite suitable method that has sufficient accuracy for simulating devices based on silicon waveguides [11] .
The silicon waveguide structure used in the designs is shown in Fig. 4 The length of the 6x6 MZI-MMI coupler is optimized by using the 3D-BPM first. Fig. 5(a) shows the normalized output powers at the bar and cross ports at different MMI lengths for a signal presented at input port 1 of the MMI coupler. From this simulation result, the optimized length of MMI calculated to be MMI L 273.5 m  . The field propagation through the 6x6 MMI coupler at this optimized length is plotted in Fig. 5(b) . The BPM simulations of Fig. 5(b) show that our theory has predicted accurately the transfer matrix of the MZI-MMI coupler. The transmission spectrum of the microring resonators of Fig. 1 is shown in Fig. 6 , , and    , the critical coupling condition [7] can be met. As a result, devices based on the proposed structure hold the promise of wavelength-selective switching, modulation and filtering applications. 0.98       . The simulation shows that this device can be used for implementation of a three-channel add drop multiplexer. In addition, reconfigurable add drop multiplexers (ROADM) can also be achieved by controlling six phase shifters 1  2  3  4  5  6 , , , , , and       .
Another possible application of the proposed structure is the realization of wavelength divison multiplexing (WDM) filters. Such devices are very useful in fiber to the home (FTTH) networks that provide triple-play (voice, data and video) services [13] . One of the most essential components in the FTTH networks for providing the triple-play services is the WDM filters. The WDM filter separate or combine optical signals with different wavelengths in a cost effective manner. Recently, many designs of triplexers have been proposed, including triplexer based on planar lens, gratings, multimode interference couplers, crytal photonics and cascaded MZIs [13] . However, most of the work reported is either based on low index contrast systems or directional couplers. L 248 m , the transmission spectrum at three drop ports of the add drop filter is shown in Fig. 8 . The lengths of the microring waveguides are chosen in order to satisfy the resonance condition, where the wavelength resonance is given by
Here, m is an integer. It is obvious from the simulations that three separate filters having optical resonances at 13 1310nm, 1490nm,     3 1550nm  are obtained. As a result, the signal with three wavelengths 1 2 3 , , and    incoming three input ports i1 i2
E , E , i3 E can be multiplexed at three drop ports d1 d2 d3
E , E , E and the triplexer can be achieved. 
IV. Conclusion
In summary, we have presented the design of a novel microring resonator structure based on 6x6 multimode interference couplers. The proposed device generated the transmission characteristics similar to that of three separate microring resonators based on 2x2 couplers. It has been shown that the proposed device can be used for promising applications in optical communications, including switching, filtering, multiplexing and modulation. In addition, a realization of a triplexer used for the FTTH networks has been presented. Devices have been designed using silicon waveguides. The transfer matrix method and beam propagation method have been used to optimally design the device and to investigate the device performance.
